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Edited by Ulf-Ingo Flu¨ggeAbstract The multi-enzyme complex glycine decarboxylase is
important for one-carbon metabolism, essential for the photore-
spiratory glycolate cycle of plants, and comprises four diﬀerent
polypeptides, P-, H-, T-, and L-protein. We report on the
production and properties of recombinant P-protein from the
cyanobacterium Synechocystis and also describe features of
recombinant H-protein from the same organism. The P-protein
shows enzymatic activity with lipoylated H-protein and very
low activity with H-apoprotein or lipoate as artiﬁcial cofactors.
Its aﬃnity towards glycine is unaﬀected by the presence and nat-
ure of the methyleneamine acceptor molecule. The cyanobacte-
rial H-protein apparently forms stable dimers.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glycine decarboxylase (GDC) is a multi-enzyme complex
which cooperates with serine hydroxymethyltransferase
(SHMT) in the reversible glycine–serine interconversion [1],
which is essential for carbon acquisition in methylotrophic
prokaryotes and one-carbon metabolism of eukaryotes. In
eukaryotes, GDC occurs only in mitochondria while SHMT-
isoforms are also present outside this organelle. The GDC-cat-
alyzed oxidative decarboxylation of glycine is accompanied by
the methenylation of tetrahydrofolate (THF) to CH2-THF, an
important one-carbon donor. GDC and SHMT are also essen-
tial enzymes for the plant photorespiratory C2-cycle. This
high-throughput pathway salvages 2-phosphoglycolate synthe-
sized by Rubisco thus being a vital auxiliary mechanism that
enables plants to live in an oxygen-containing atmosphere. It
is hence not surprising that defects in GDC result in serious
metabolic disturbances in all eukaryotes. GDC mutations in
humans, e.g., cause the yet un-curable genetic disease non-
ketotic hyperglycinemia [2] and plants with strongly reducedAbbreviations: GDC, glycine decarboxylase; SHMT, serine hydroxy-
methyltransferase; THF, tetrahydrofolate
*Corresponding author. Fax: +49 (0) 3814986112.
E-mail address: hermann.bauwe@uni-rostock.de (H. Bauwe).
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.02.037levels of GDC [3] or SHMT [4] cannot survive in normal air.
Cyanobacteria possess a carbon-concentrating mechanism that
reduces, but not abolishes, photorespiratory processes. While
deletion of GDC results in distinct glycine accumulation, these
photosynthetic bacteria are more ﬂexible than plants and can
survive without GDC [5]. This is due to the additional presence
of a bacterial-like glycerate pathway, which can bypass several
enzymatic reactions of the photorespiratory C2-cycle including
the GDC-catalysed reaction [6].
The complete GDC reaction cycle requires three diﬀerent en-
zymes, P-, T-, and L-protein, and a small lipoylated aminom-
ethylene carrier protein [reviewed in [1]]. The protein-bound
lipoic acid of this latter protein, H-protein, plays a key role
as both electron acceptor and aminomethyl carrier when it
interacts as a mobile substrate one after the other with P-, T-,
and L-protein. The pyridoxalphosphate-containing P-protein
is the actual glycine-decarboxylating subunit; CO2 is released
and the remaining aminomethylene group becomes bound to
the oxidized lipoamide arm of H-protein. Next, T-protein liber-
ates NH3 from the H-protein-bound aminomethylene moiety
and transfers the methylene group to THF to yield CH2-
THF. The then fully reduced lipoamide group of H-protein is
ﬁnally reoxidized by L-protein, an NAD+-dependent lipoamide
dehydrogenase, under simultaneous production of NADH [7].
Although a stoichiometry of 4 P-protein:27 H-protein:9 T-
protein:2 L-protein has been determined [8], the detailed struc-
ture of the multi-enzyme complex is not known. Stable P2H2
[9] and T1H1 [10] associations have been demonstrated, but
structural interaction between H- and L-protein does not occur
[11]. Moreover, crystal structures for eukaryotic H- [12], L-
[13], and T-protein [14] have been obtained. All these studies
employed recombinant overexpression systems to obtain the
necessary amounts of puriﬁed protein. Such data are not yet
available for P-protein from eukaryotic sources but only from
the eubacterium Thermus thermophilus [15]. It is hypothesized
that this prokaryotic (aNbC)2-tetrameric P-protein and the
eukaryotic a2-type dimeric P-protein share a similar three-
dimensional structure; however, for unclear reasons, recombi-
nant overexpression of eukaryotic P-protein is diﬃcult to
achieve (unpublished data from our laboratory).
Cyanobacteria are the ancestors of plant chloroplasts and
delivered many genes to plant genomes [16]. In contrast to
the T. thermophilus protein, cyanobacterial P-protein does
not comprise two subunits and is thus better comparable to
its eukaryotic homologs. Here, we report a method to produce
large amounts of highly puriﬁed recombinant cyanobacterialblished by Elsevier B.V. All rights reserved.
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Fig. 1. A. SDS–PAGE of aﬃnity-puriﬁed recombinant Synechocystis
H- and P-protein (Lane 1, molecular mass standard; 2–3, Synechocystis
H-protein with and without His-Tag, respectively; 4, His-tagged
Synechocystis P-protein). B. MALDI-TOF analysis of un-lipoylated
(upper panel) and lipoylated (lower panel) His-tagged H-protein.2. Material and methods
2.1. Strains and DNA manipulations
We used Escherichia coli strain TG1 for all routine DNA manipula-
tions [17], and E. coli strains BL21 Gold and LMG194 for heterolo-
gous overexpression. Synechocystis genes encoding P-protein
(slr0293) and H-protein (slr0879) were PCR-ampliﬁed using chro-
mosomal wild type DNA [18], gene-speciﬁc primers (P-protein,
sense 5 0-CTCGAGATGCCCAACCTAGAG -3 0 and antisense 5 0-
GAATTCTCAATAAATTTCCTC-3 0; H-protein, sense 5 0-CATATG-
GAACTGGAACATCC-3 0 and antisense 5 0-GGATTCCTAATCTC-
CCG-TCTC-3 0), and the proof-reading Pfu polymerase. The sense
primers were extended by an additional XhoI (P-protein) or NdeI site
(H-protein, both underlined). After initial cloning of the PCR amplif-
icates into pGEM-T (PROMEGA), coding sequences were excised
with XhoI/PvuII and NdeI/BamHI, respectively. Fragments obtained
by electrophoresis and gel elution were ligated into corresponding
cloning sites of the expression vector pBAD-HisA (INVITROGEN,
for P-protein) or pET-28a (NOVAGEN, for H-protein).
2.2. Expression and puriﬁcation of recombinant proteins
Expression of N-terminally His-tagged fusion proteins was induced
by 1 mM isopropyl thiogalactoside (H-protein) or 0.02% L-arabinose
(P-protein), respectively. Cells were pelleted by centrifugation, resus-
pended in ice-cold 20 mM Na-phosphate buﬀer (pH 7.8), and soni-
cated (six 10 s bursts, 90 W, ice-cooling). Supernatants obtained by
centrifugation at 12000 rpm for 30 min at 4 C were used for aﬃnity
chromatography according to the protocol for puriﬁcation of His-
tagged proteins under native conditions (INVITROGEN). Elution of
His-tagged proteins was achieved with 300 mM imidazole. His-tags
were removed from recombinant H-protein by treatment with throm-
bin.
2.3. Estimation of P-protein enzyme activity
For activity measurements, the recombinant proteins were re-buf-
fered in 20 mM Na-phosphate, pH 6. Protein concentrations were esti-
mated according to Bradford [19]. P-protein activity was determined
by measuring the exchange of the carboxyl carbon of glycine against
14C-bicarbonate carbon [20]. The standard assay mixture, in a total
volume of 300 ll at 30 C, contained 100 mM Na-phosphate (pH
6.0), 0.1 mM pyridoxalphosphate, 1 mM dithiothreitol, 16 mM
glycine, 10 mM NaH14CO3 (0.776 lCi), 5 lg P-protein (0.16 lM),
and varying kinds and amounts of aminomethylene acceptor. All
rates were corrected by control reactions without glycine. Subsequent
to a 3 min pre-incubation, reactions were started by the addition of
NaH14CO3. After 1 h, 200 ll reaction mixture were mixed with 80 ll
trichloroacetic acid and dried over night on a hot plate to remove all
14C-bicarbonate. Residues were dissolved in water, and the 14C-glycine
was quantiﬁed by liquid scintillation counting.3. Results and discussion
For the biochemical analysis of the GDC system, appropri-
ate amounts of the individual protein components are neces-
sary which are diﬃcult to obtain from natural sources.
Therefore, the genes encoding P- and H-protein in Synechocys-
tis were over-expressed in E. coli to produce His-fusion pro-
teins, which could be aﬃnity-puriﬁed in reproducible quality
and large amounts. Both proteins were virtual free from
contaminations (Fig. 1A). Surprisingly, the Synechocystis
H-protein shows an apparent molecular mass of 30 kDa in
SDS–PAGE, which is approximately twice the expected size.
MALDI-TOF analysis revealed the molecular masses oflipoylated and non-lipoylated monomeric H-proteins thus
excluding the possibility of covalent linkage (Fig. 1B).
Structural details of this possible dimerization of the cyano-
bacterial H-protein remain to be elucidated.
We next examined whether the recombinant Synechocystis
proteins can collectively catalyze the glycine-bicarbonate ex-
change reaction [20], which depends only on P- and H-protein
(Fig. 2). Our analysis showed maximum activity of the recom-
binant P-protein at about pH 6 and 50% lower activity at pH
8, with pH 8 being of higher physiological relevance in Syn-
echocystis [21]. This pH proﬁle diﬀers from the reported pH
optima of 6.6 (chicken [22]), 6.8 (rat [23]), and 7.0 (Peptococcus
glycinophilus [20]). The relevance of this ﬁnding is uncertain
because the glycine-bicarbonate exchange is not a physiologi-
cal reaction and P-protein uses CO2 instead of HCO

3 as
substrate [24]. The proteins were stable at both pH values as
indicated by linearity of the reaction over at least one hour
(Fig. 3). Possible eﬀects of the N-terminal His-tag on catalysis
were examined by removing the His-tags with thrombin (Fig. 1
and Table 1). Activity measurements showed that the presence
of the N-terminal His-tag in the recombinant H-protein re-
duces speciﬁc activities by 35–45%.
Only very few data are published on the P-protein’s aﬃnity
towards H-protein, and Km values between 0.15 lM [8] and
9 lM H-protein [11] were reported for pea leaf P-protein,
e.g. Our analysis conﬁrmed Michaelis–Menten kinetics both
with H-holoprotein and with glycine and also showed a very
strong pH-sensitivity of H-protein binding (Figs. 4 and 5,
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Fig. 2. pH-dependence of recombinant Synechocystis P-protein activ-
ity. Concentrations were 0.16 lM P-protein, 4.6 lM H-protein, and
16 mM glycine (means ± SD).
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Fig. 4. Activity of recombinant Synechocystis P-protein (0.16 lM) at
diﬀerent concentrations of recombinant Synechocystis H-protein.
Activities were measured at pH 6 in the presence of 10 mM glycine
(diamonds, lipoylated H-protein without His-tag; squares, lipoylated
H-protein with His-tag; triangles, non-lipoylated H-apoprotein with
His-tag). Error bars represent standard deviations.
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Fig. 5. Activity of recombinant Synechocystis P-protein (0.16 lM) at
pH 6 (solid line) and pH 8 (broken line) in the presence of recombinant
Synechocystis H-protein (4.6 lM) and diﬀerent glycine concentrations
(means ± SD).
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protein did not strongly aﬀect kinetic parameters. At pH 6, we
estimated a Km (H-protein) of 0.47 lM and near-maximum
activity (1.26 lmol s1 g1) was achieved with 4–5 lM of Syn-
echocystisH-protein. At the physiologically more relevant con-
ditions of pH 8, Vmax was essentially unaltered but required a
very high H-protein concentration because the P-protein’s
aﬃnity towards H-protein decreased more than 20-fold. This
strong pH-dependence might explain the mentioned variability
in reported Km values of P-protein for H-protein. Moreover,
the 30-fold excess of H-protein over P-protein (0.16 lM) doesTable 1
Kinetic parameters of recombinant Synechocystis P-protein as measured by th
of three H-protein variants and without H-protein (means ± SD; n = 3; n.d.,
H-protein added pH Km (glycine) (mM)
Non-tagged, lipoylated 6 3.21 ± 0.26
Non-tagged, lipoylated 8 2.92 ± 0.10
His-tagged, lipoylated 6 3.05 ± 0.23
His-tagged, lipoylated 8 3.14 ± 0.15
His-tagged, un-lipoylated 6 2.93 ± 0.21
No H-protein added 6 2.84 ± 0.19not support a stable interaction between the two proteins as it
has been suggested from earlier titration experiments [9]. In-
stead, the data point to true substrate behaviour of H-protein
under our assay conditions which is similar to characteristics
of H-protein in a reconstituted GDC reaction cycle [8].
Similar to P-protein from other sources [22], Synechocystis
P-protein catalyzes the non-physiological glycine-bicarbonate
exchange at a very low rate of 0.015 lmol s1 g1 even without
H-protein or added lipoic acid (inset in Fig. 3 and Table 1).e glycine-bicarbonate exchange reaction at diﬀerent pH in the presence
not determined)
Km (H-protein) (lM) Vmax (lmol CO2 s
1 g1)
0.47 ± 0.05 1.26 ± 0.06
12.3 ± 0.60 1.29 ± 0.06
1.0 ± 0.07 0.80 ± 0.05
12.6 ± 0.08 0.73 ± 0.06
12.3 ± 0.30 0.08 ± 0.002
n.d. 0.015 ± 0.0004
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20 times more P-protein compared to the standard assay.
Addition of free lipoate, which can replace H-protein to some
extent [25], caused a 5-fold stimulation relative to the rate mea-
sured in the absence of a methylamine acceptor. Under these
conditions, we determined a Km (lipoate) of 2.15 mM (data
not shown) which is comparable to that of chicken liver P-pro-
tein (3 mM [22]).
H-apoprotein can be produced by omitting lipoate from the
bacterial growth medium [26], and MALDI-TOF analysis in-
deed showed that the recombinant H-protein was essentially
un-lipoylated (Fig. 1B). P-protein activity with H-apoprotein
was very low (Vmax = 0.08 lmol CO2 s
1 g1) and could only
be measured at pH 6. This low activity could be due to minor
H-holoprotein contaminations; however, the identity of the
measured Km value with those measured at pH 6 is surprising.
Addition of lipoate did not signiﬁcantly increase activity (not
shown).
The Km for glycine of 3 mM (Fig. 5 and Table 1) is compa-
rable to published data for pea [1.7 mM, [24]] and chicken
P-protein [4 mM, [22]]. Km values for glycine were nearly iden-
tical at pHs 6 and 8, whereas Vmax decreased to 0.6 lmol
CO2 s
1 g1 protein. Km values for glycine were unaﬀected
by the presence and kind of an aminomethylene acceptor
which indicates that the binding of both substrates occurs
independent from each other. It shall be noted that this ﬁnding
is in conﬂict with published data obtained with chicken P-pro-
tein, where the Km value for glycine was distinctly lower with
(4 mM) than without H-protein (15 mM) [22].
In summary, we show the possibility to produce active re-
combinant P- and H-protein from a cyanobacterium and pro-
vide a ﬁrst biochemical analysis of these GDC proteins.
Synechocystis H-protein does not behave like a component
of an enzyme complex but as a true substrate. This needs to
be veriﬁed in the presence and higher concentration of all other
GDC proteins [8]. The low aﬃnity of P-protein for its sub-
strate H-protein at pH 8 might explain the high H-protein-
over-P-protein excess in vivo. Our combined data also highlight
the suitability of cyanobacterial GDC proteins as a model for
the corresponding eukaryotic GDC subunits in structural and
enzymological studies.
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